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POLYMERS 

Polymers are very large molecules made by covalently binding many smaller 
molecules. Trie wdrd polymer is derived from the Greek poly (many) and merbs 
(part). The size of polymer molecules imparts many interesting and useful prop- 
erties not shared by low molecular weight materials. Polymers are the funda- 
mental materials of plastics, rubbers and most fibers, and surface coatings and 
adhesives, and as such are essential to modern society. Also, many important 
constituents of living organisms, eg, proteins (qv) and cellulose (qv), are biopoly- 
mers (qv). 

Classification and Nomenclature 

Polymers were initially classified according to their response to temperature. 
Those that are -softened (plasticized) reversibly by heat are known as thermo- 
plastics. By analogy, wax behaves as a thermoplastic. Others, though they might 
initially be liquid or soften once upon heating, undergo a curing (setting) reac- 
tion that solidifies them, and further heating leads only to degradation. These 
are known as thermosets. Again by analogy, an egg behaves as a thermoset. 
The ability of polymers to soften and flow at least once is one of their most 
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valuable assets, as it allows them to be formed into complex shapes easily and 
inexpensively. 

In general, polymers are formed by two types of reactions: condensation and 
addition. The formation of a polyester by polycondensation may be illustrated 
as follows. '■ 

0 O 

x HOROH + x HOOCR'COOH — ^ H^ORO ^CR'C^-OH + (2x - 1) H 2 0 
diol diacid polyester 

In the polyester formula shown, parentheses enclose the repeating unit. 
The quantity x is the degree of polymerization, sometimes also called the chain 
length, the number of repeating units strung together like identical beads on a 
string. Neglecting the ends of the molecule, which is usually justified for large 
x y the molecular weight M of the polymer molecule is given by M = mx, where 
m is the molecular weight of the repeating unit. Since x can easily be in the 
thousands, it is not surprising that the term macromolecules is also used to 
describe these materials. 

The ester linkage in the repeating unit characterizes polyesters. R and 
R' represent portions of the monomer molecule that do not participate in the 
polymerization. They may vary widely, giving rise to many different polyesters 
Polyethylene terephthalate) (PET), made from ethylene glycol (R - (CH 2 ) 2 ) and 
terephthalic acid (R' = is familiar in the form of soda bottles, recording 

tape, and polyester fiber (see FIBERS, POLYESTER). 

Another common polycondensation involves reaction of diamines and 
diacids to form polyamides, commonly called nylons: 

O O 

x H 2 NRNH 2 + x HOOCR'COOH — H-f NHRNH — CR'C^OH + (2x - 1) H 2 0 
diamine diacid polyamide 

The amide linkage characterizes nylons. In the first commercial nylon, nylon- 
6,6, R = (CH 2 ) 6 and R' = (CH 2 ) 4 . Nylon-6,6 is familiar as a textile fiber (nylon 
stockings) and a molded plastic (see POLYAMIDES). 

The two complementary functional groups that react to form condensation 
polymers may also occur in a single monomer, eg, a hydroxy acid, HO-R-COOH, 
or an amino acid, H 2 N-R-COOH. In some cases, such monomers self-condense 
to a cyclic structure, which is what actually polymerizes. For example, 
6-caprolactam (1) can be thought of as the self-condensation product of an amino 
acid. Caprolactam undergoes a ring-opening polymerization to form another 
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important nylon, nylon-6 (see CAPROLACTAM). Even though no water is eliminated 
in the actual polymerization step, the polymer is usually considered a condensa- 
tion polymer. Table 1 illustrates some other important condensation polymers. 
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x (1) — -eNH(CH 2 ) 5 C^- 

Addition or chain-growth polymerization involves the opening of a double 
bond to form new bonds with adjacent monomers, as typified by the polymeriza- 
tion of ethylene to polyethylene: 

xH 2 C = CH 2 — -^CH 2 — CH 2 ^ 

Because no molecule is split out, the molecular weight of the repeating unit is 
identical to that of the monomer. Vinyl monomers, 1 H 2 C==:CHR (Table 2) undergo 
addition polymerization to form many important and familiar polymers. Diene 
(two double bonds) monomers also undergo addition polymerization. Normally, 
one double bond remains, leaving an unsaturated polymer, with one double bond 
per repeating unit. These double bonds provide sites for subsequent reaction, eg, 
vulcanization. 

In terms of molecular structure, there are three principal categories of poly- 
mers, illustrated schematically in Figure 1. If each monomer is difunctional, that 
is, can react with other monomers at two points, a linear polymer is formed. All 
the examples given above are linear polymers. Polymers that contain two differ- 
ent repeating units, say A and B, are known as copolymers (qv). A linear polymer 
with a random (AABBABAAABABB) arrangement of the repeating units is a 
random or statistical copolymer, or just copolymer. It is termed poly(A-co-B), 
with the primary constituent listed first. A molecule in which the two repeating 
units are arranged in long, contiguous blocks ([A^By is a block (6) copolymer, 
poly(A-6-B). 

A few points of tri- or higher functionality introduced along the polymer 
chains, either intentionally or through side reactions, give a branched polymer. 
A branched structure with the backbone consisting of one repeating unit (A) and 
the branches of another (B), is a graft (g) copolymer, poly(A-g-B). Dendrimers 
are a more recent development. They are molecules that branch repeatedly as 
they grow outward from a central core (1-3). 

As the length and frequency 6f branches increase, they may ultimately 
reach from chain to chain. If all the chains are connected together, a cross- 
linked or network polymer is formed. Cross-links may be built in during the 
polymerization reaction by incorporation of sufficient tri- or higher functional 
monomers, or may be created chemically or by radiation between previously 
formed linear or branched molecules (curing or vulcanization). For example, a 
liquid epoxy (Table 1) oligomer (low molecular weight polymer) with x •« 6-8 is 
cured to a cross-linked solid by reaction of the hydroxyl and terminal epoxide 
groups with a diamine or acid anydride. In a fully cross-linked polymer, all the 
atoms are connected to one another by covalent bonds, so the entire macroscopic 
polymer mass is literally a single molecule. Thus, the cross-linked polyester in a 
bowling ball has a molecular weight on the order of 10 27 g/mol. 



